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(57) ABSTRACT

A controlling apparatus for an electric motor according to an
embodiment includes a superposed component generator, an
inverter, a current detector, and a magnetic pole position
estimator. The superposed component generator generates, at
a predetermined cycle, a superposed voltage reference of
which vector is shifted by 90 degrees with respect to that of a
superposed voltage reference previously generated, in a coor-
dinate system that is set to a stator of the electric motor. The
inverter outputs a driving voltage that is based on a driving
voltage reference superposed with the superposed voltage
reference to the electric motor. The current detector detects
currents flowing into respective phases of the electric motor,
and outputs the detected currents. The magnetic pole position
estimator detects the magnetic pole position of the electric
motor based on an amount of change in the detected currents
at the predetermined cycle.
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MAGNETIC POLE POSITION ESTIMATING
APPARATUS FOR ELECTRIC MOTOR,
CONTROLLING APPARATUS FOR
ELECTRIC MOTOR, AND MAGNETIC POLE
POSITION ESTIMATING METHOD FOR
ELECTRIC MOTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of PCT international
application Ser. No. PCT/JP2012/054300 filed on Feb. 22,
2012 which designates the United States; the entire contents
of which are incorporated herein by reference.

FIELD

The present invention relates to a magnetic pole position
estimating apparatus for an electric motor, a controlling appa-
ratus for an electric motor, and a magnetic pole position
estimating method for an electric motor.

BACKGROUND

Magnetic pole position estimating apparatuses for estimat-
ing the position of the magnetic poles in a salient electric
motor have conventionally been known. A known example of
such magnetic pole position estimating apparatuses estimates
a magnetic pole position in an electric motor by superimpos-
ing a high frequency component on a pulse-width modulated
(PWM) signal.

The magnetic pole position estimating apparatus disclosed
in Japanese Patent No. 4670044, for example, estimates a
magnetic pole position in an electric motor by generating a
PWM signal to be applied to the respective three-phase wind-
ings in the following fashion. Considering successive three
cycles of a carrier as one interval, the magnetic pole position
estimating apparatus multiplies each original reference value
by three for one third of the period (the first one cycle of the
carrier), and superposes a high-frequency component for the
remaining two third of the period (the remaining two cycles of
the carrier).

The magnetic pole position estimating apparatus disclosed
in Patent Literature 1, however, can update the original ref-
erence values for driving the electric motor only once in the
three-cycle unit of the carrier.

SUMMARY

A controlling apparatus for an electric motor according to
an embodiment includes a superposed component generator,
an inverter, a current detector, and a magnetic pole position
estimator. The superposed component generator generates, at
a predetermined cycle, a superposed voltage reference of
which vector is shifted by 90 degrees with respect to that of a
superposed voltage reference previously generated, in a coor-
dinate system that is set to a stator of the electric motor. The
inverter outputs a driving voltage that is based on a driving
voltage reference superposed with the superposed voltage
reference to the electric motor. The current detector detects
currents flowing into respective phases of the electric motor,
and outputs the detected currents. The magnetic pole position
estimator detects a magnetic pole position of the electric
motor based on an amount of change in the detected currents
at the predetermined cycle.

BRIEF DESCRIPTION OF DRAWINGS

A more complete appreciation of the invention and many of
the attendant advantages thereof will be readily obtained as
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2

the same becomes better understood by reference to the fol-
lowing detailed description when considered in connection
with the accompanying drawings, wherein:

FIG. 1 is a schematic of a configuration of a controlling
apparatus for an electric motor according to a first embodi-
ment,

FIG. 2A is a schematic for explaining space vector modu-
lation,

FIG. 2B is another schematic for explaining the space
vector modulation,

FIG. 3 is a schematic of an example of a relation between
voltage vectors and ¢ in an aff axis coordinate system,

FIG. 4 is a schematic of a change in a pilot voltage in a
cycle,

FIG. 5 is a flowchart illustrating a pilot voltage generating
process performed by a superposed component generator,

FIG. 6 is a schematic of changes in an a-axis component
and a f-axis component of a pilot voltage output from the
superposed component generator,

FIG. 7 is a schematic of a configuration of a magnetic pole
position estimator,

FIG. 8 is a flowchart illustrating a magnetic pole position
estimating process performed by the magnetic pole position
estimator,

FIG. 9 is a schematic of a relation between the pilot voltage
and a carrier,

FIG. 10 is a schematic of a configuration of a controlling
apparatus according to a second embodiment,

FIG. 11 is a schematic of an example of a relation between
a voltage vectors and ¢ in the second embodiment,

FIG. 12 is a schematic of a change in the pilot voltage in a
cycle in the second embodiment,

FIG. 13 is a schematic of a change in an ai-axis component
and a p-axis component of the pilot voltage according to the
second embodiment,

FIG. 14 is a flowchart illustrating a pilot voltage generating
process performed by a superposed component generator
according to the second embodiment,

FIG. 15 is a schematic of a configuration of a magnetic pole
position estimator according to the second embodiment,

FIG. 16 is a flowchart illustrating a magnetic pole position
estimating process performed by a magnetic pole position
estimator according to the second embodiment.

DESCRIPTION OF EMBODIMENTS

Some embodiments of a magnetic pole position estimating
apparatus for an electric motor, a controlling apparatus for an
electric motor, and a magnetic pole position estimating
method for an electric motor disclosed herein will be
explained in detail with reference to some drawings. A con-
trolling apparatus for an electric motor includes the magnetic
pole position estimating apparatus, and the controlling appa-
ratus for an electric motor is hereunder simply referred to as
a “controlling apparatus”. The embodiments described here-
under are not intended to limit the scope of the present inven-
tion in any way.

First Embodiment

To begin with, a controlling apparatus according to a first
embodiment will be explained. FIG. 1 is a schematic of a
configuration of a controlling apparatus according to the first
embodiment.

As illustrated in FIG. 1, this controlling apparatus 1
according to the first embodiment includes an inverter 10, a
current detector 20, and a controller 30. The controlling appa-
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ratus 1 is connected between a direct current (DC) power
source 2 and an electric motor 3, and causes the inverter 10 to
convert a DC voltage Vdc supplied from the DC power source
2 into an alternating current (AC) voltage and to output the AC
voltage to the electric motor 3 whereby allowing the electric
motor 3 to operate.

The electric motor 3 is a salient electric motor, and includes
a stator 3a with armature windings, and a rotor 36 with a
plurality of permanent magnets circumferentially arranged
and embedded in a rotor core. Examples of the electric motor
3 include an interior permanent magnet synchronous motor.

The inverter 10 includes switching elements Q1 to Q6,
diodes D1 to D6, and a smoothing capacitor C1. The switch-
ing elements Q1 to Q6 are three-phase-bridge connected. The
diodes D1 to D6 are anti-parallel connected to the respective
switching elements Q1 to Q6.

The switching elements Q1 to Q6 in the inverter 10 are
controlled based on driving signals S1 to S6 output from the
controller 30, and the inverter 10 outputs a voltage (hereafter,
referred to as a driving voltage) that is based on the driving
signals S1 to S6 to the electric motor 3. Semiconductor
devices such as insulated-gate bipolar transistors (IGBTs) or
metal-oxide-semiconductor field-effect transistors (MOS-
FETs) are used for the switching elements Q1 to Q6, for
example.

The current detector 20 detects the currents flowing into the
U phase, the V phase, and the W phase at a position between
the inverter 10 and the electric motor 3, and outputs the
detected currents I, 1,, and I,;, as the detection results. The
detected current I, is an instantaneous U phase current. The
detected current I, is an instantaneous V phase current, and
the detected current I,;,is an instantaneous W phase current. A
current sensor using a Hall effect device that is a magneto-
electric transducer may be used as the current detector 20, for
example.

The controller 30 includes a three-to-two-phase coordinate
converter 31 (an example of a current detector), a rotational
coordinate converter 32, a current reference output unit 33, a
current controlling unit 34, a counter 35, a superposed com-
ponent generator 36, adders 37 and 38, a driving signal gen-
erator 39, and a magnetic pole position estimator 40. The
controller 30 serves as a magnetic pole position estimating
apparatus, and is capable of estimating a magnetic pole posi-
tion 0 of the rotor 34 in the electric motor 3 (hereinafter,
sometimes referred to as a magnetic pole position 0 of the
electric motor 3).

The three-to-two-phase coordinate converter 31 converts
the detected currents I, I, and [ ;-into an a-axis component
and a -axis component represented by two orthogonal axes
in a fixed coordinate system, and acquires a current vector of
which vector components are a detected current I, in an
oa-axis direction and a detected current I in a 3-axis direction
in a af axis coordinate system. The aff axis coordinate sys-
tem is an orthogonal coordinate system set to the stator 3a in
the electric motor 3, and is also referred to as a stator coordi-
nate system. The three-to-two-phase coordinate converter 31
may alternatively be provided to the current detector 20.

The rotational coordinate converter 32 performs coordi-
nate conversion of the components represented in the o axis
coordinate system output from the three-to-two-phase coor-
dinate converter 31, based on the magnetic pole position 6 in
the electric motor 3. Through this conversion, the rotational
coordinate converter 32 acquires a q-axis detected current I,
and a d-axis detected current I, that are a q-axis component
and a d-axis component represented in a dq-axis rotational
coordinate system rotating with the rotor 35, and outputs the
results to the current controlling unit 34. The magnetic pole
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position 8 of the electric motor 3 is a magnetic pole position
represented in the aff axis coordinate system.

The current reference output unit 33 generates a g-axis
current reference I, * and a d-axis current reference I,* based
on a torque reference T* received from external, and outputs
the references to the current controlling unit 34. The g-axis
current reference I * is a current reference for a q-axis com-
ponent, and the d-axis current reference I ,* is a current ref-
erence for a d-axis component.

The current controlling unit 34 generates an c-axis refer-
ence component V* and a B-axis reference component Vg*
in the aff axis coordinate system as a driving voltage, based
on the g-axis current reference I *, the d-axis current refer-
ence 1%, the q-axis detected current I, the d-axis detected
current 1, and the magnetic pole position 6 of the electric
motor 3.

Specifically, the current controlling unit 34 adjusts the
g-axis voltage reference V,,* so that the deviation between the
g-axis current reference I* and the g-axis detected currents I,
becomes zero, and adjusts the d-axis voltage reference V * so
that the deviation between the d-axis current reference I ;* and
the d-axis detected currents 1, becomes zero. The current
controlling unit 34 also converts the g-axis voltage reference
V,,* and the d-axis voltage reference V /* into components in
the aff axis coordinate system based on the magnetic pole
position 6 of the electric motor 3, whereby generating an
a-axis reference component V * and a 3-axis reference com-
ponent V,* serving as a driving voltage reference.

The counter 35 increments or resets an internal count CNT,
and generates a count CNT zero to three based on four inter-
vals in a cycle T which is described later. Specifically, the
counter 35 sets CNT=0 when time t=nT (n=0, 1, 2, 3, ...),and
sets CNT=1 when the time t=T/4+nT. The counter 35 sets
CNT=2 when the time t=T/2+nT, and sets CNT=3 when the
time t=3T/4+nT. The counter 35 outputs the generated count
CNT to the superposed component generator 36 and to the
magnetic pole position estimator 40.

The superposed component generator 36 generates a volt-
age vector V,, (hereinafter, sometimes referred to as a pilot
voltage V,,) as a superposed voltage reference to be super-
posed on the a-axis reference component V * and the -axis
reference component V,*. Specifically, the superposed com-
ponent generator 36 generates, at a predetermined cycle, a
pilot voltage V,, of which vector in the o axis coordinate
system is shifted by 90 degrees from a pilot voltage V,, pre-
viously generated. The pilot voltage V,, is composed of an
a-axis reference component V_, that is an a.-axis component
and a f3-axis reference component V,, that is 3-axis compo-
nent.

An adder 37 outputs an a-axis reference component V, *
generated by adding the a-axis reference component V_*
received from the current controlling unit 34 and the a-axis
reference component V_, received from the superposed com-
ponent generator 36 to the driving signal generator 39. The
adder 38 outputs a (3-axis reference component Vi, * gener-
ated by adding the B-axis reference component V* received
from the current controlling unit 34 and the 3-axis reference
component Vg, received from the superposed component
generator 36 to the driving signal generator 39.

The driving signal generator 39 generates driving signals
S1 to S6 for driving the inverter 10, based on the a-axis
reference component V,* and the p-axis reference compo-
nent Vi, * output from the adder 37 and the adder 38, respec-
tively, using space vector modulation.

FIGS. 2A and 2B are schematics for explaining the space
vector modulation. In these drawings, a cycle T that is arbi-
trarily set is represented as 2T,. FIG. 2A illustrates voltage
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vectors V, to V, in the space vector modulation. In the
example illustrated in these drawings, a voltage reference
vector Vs* defined by the a-axis reference component V, *
and B-axis reference component V,, * is generated with two
adjacent voltage vectors V, and V.

The voltage vector V, (100) sets the upper U phase switch-
ing element Q1 in the inverter 10 ON, sets the lower U phase
switching element Q4 OFF, sets the upper V phase switching
element Q2 and the upper W phase switching element Q3
OFF, and sets the lower V phase switching element Q5 and the
lower W phase switching element Q6 ON. The voltage vector
V, (110) sets the upper U phase switching element Q1 and the
upper V phase switching element Q2 ON, sets the lower U
phase switching element Q4 and the lower V phase switching
element Q5 OFF, sets the upper W phase switching element
Q3 OFF, and sets the lower W phase switching element Q6
ON.

The switching statuses of the respective phases inacycle T
are illustrated in FIG. 2B. The ON time t, and t, illustrated in
FIG. 2B are calculated from Equations (1) and (2), respec-
tively. In the Equations (1) and (2), 8,- denotes a phase angle
starting from the voltage vector V| and ending at the voltage
reference vector Vs*, and 1Vs*| denotes the amplitude of the
voltage reference vector Vs*. V_ . denotes the maximum
output voltage of the inverter 10.

Equation 1

2 vy

V3 Vi
A

bh=—
V3 Vi

M

n = Tx-sin(z —0\/)

3

@

T, - sinfy

The driving signal generator 39 updates the voltage refer-
ence vector Vs* once in every half cycle that is T}, of the
arbitrarily set cycle T;. The OFF time t, and t, are set by
dividing the time remaining by subtracting the ON time t, and
t, from the half cycle T The voltage reference vector Vs* is
set in the other sectors in the same manner.

The magnetic pole position estimator 40 estimates the
magnetic pole position 0 of the electric motor 3 based on the
amount of change in the detected currents I, and I input from
the three-to-two-phase coordinate converter 31, and outputs
the estimation result to the rotational coordinate converter 32
and to the current controlling unit 34.

The controlling apparatus 1 is enabled to estimate the mag-
netic pole position 6 of the electric motor 3 easily using the
pilot voltage V,,, which is generated at a predetermined cycle
by superposed component generator 36 and of which phase is
shifted by 90 degrees, and the currents flowing into the
respective phases in the electric motor 3, without affecting the
cycle of updating the driving voltage reference for driving the
electric motor 3. The estimation of the magnetic pole position
0 will now be explained more specifically.

To begin with, the current-voltage equation for the salient
electric motor 3 in the aff axis coordinate system can be
expressed as following Bquation (3). V, and V,; represent
voltage components of the electric motor 3 in the aff axis
coordinate system. I, and I, denote components of the cur-
rents flowing into the electric motor 3 in the aff axis coordi-
nate system. R denotes the armature resistance of the electric
motor 3, and L and 1 denote the inductance of the armature
reaction in the electric motor 3. K, denotes the induction
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6

voltage constant of the electric motor 3, and wr denotes a
rotational speed of the magnetic poles.

Equation 2

PRHE

L+ lcos20 3)

sin280 (1 d [ le

— +

Isin20 L —lcos20 } di|lg
Isin26

d Iy —w,sinf
— +K,
dr L- lcosZO} Ig [ w,cosf }

Now consider how the pilot voltage V,, is to be included in
the driving voltage that is based on the g-axis voltage refer-
ence V,* and the d-axis voltage reference V . thatare driving
voltage references, as an output voltage from the inverter 10.
For example, in the aff axis coordinate system, a voltage
vector V,, is superposed, and a voltage vector V,,, is super-
posed after a specified time period has elapsed, as illustrated
in FIG. 3. FIG. 3 is a schematic of an example of a relation
between the voltage vectors V,,,and V|, and ¢ in the o axis
coordinate system.

L+ lcos20
Isin20

The voltage vector V,, is a vector of which phase differ-
ence is ¢ degrees in the positive direction of the a axis and of
which amplitude is V,,;; (>0), and is expressed as following
Equation (4). The voltage vector V,,; is a vector of which
phase difference is $+90 degrees in the positive direction of

the o axis and of which amplitude is V,,, (>0), and is
expressed as following Equation (5).
Equation 3
[Vinjl COS¢} )
Vio = .
Vi1 sing
—Viy1  sing ®)
Via = [ }
Vi1 cos@

When the time between the two voltage vectors to be super-
posed is sufficiently shorter than the cycle of the driving
voltage, the current-voltage equation with the component of
the driving voltage frequency removed from Equation (3) can
be approximated as following Equation (6).

Equation 4
Va
Vg |~

When the rotational speed of the electric motor 3 is low or
moderate, the induced voltage in the electric motor 3 can be
ignored, and Equation (6) can be approximated as following
Equation (7).

L+ [cos20
Isin26

©

[sin20 } d [la} [—wrsine}

el +K,
L—lcos20 |dt| I wycosf

Equation 5

L+ [cos26
Isin20

M

[

Equation (7) can be rewritten as Equation (8) for the cur-
rent.

in20 1 d [l
L— lcos26 } dr Ig
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Equation 6
[L— lcos20  —Isin28 H Vo } (8)

dfla] 1
di|lg|” I2-P| —ksin20 L+lcos20 ]| Vs

If'the voltage vector V,,, expressed in Equation (4) is super-
posed at time t,, and the voltage vector V,,; expressed by
Equation (5) is superposed at time t,,,, the current-voltage
equations at the time t,,, and the time t,,; can be expressed as
Equations (9) and (10), respectively.

Equation 7
a [ o =, V. (L — lc0s28 — Isin20- si )
o | Vimt [ cos20)cosg — Isin26 - sing }
di| Iy |,:,h0 T 12 - 2| —sin26- cosg — (L + lcos20)sing
d la |’:’h1 Vigj1 | —(L = lcos20)sing — Isin28 - cosp a0
dt| I, li=gy, T I2-P| Isin20-sing + (L + lcos20)cos¢

The relation in Equation (11) is given from Equations (9)
and (10).

Equation 8
d d (11)
[ Using  2Ucosg H sin28 } 2 op| glelen,  —gleleg,
2cos¢ —2ising || cos20 | Vigit d
- Ela |r:rh1 - Elﬁ |r:rh0

Equation (11) can be rewritten as Equation (12) for the
magnetic pole position 0 of the electric motor 3, and, there-
fore, the magnetic pole position 6 of the electric motor 3 can
be estimated by detecting a change in the currents in the
respective phases from the time t,, to the time t,,,.

Equation 9

. d d (12)
_Sln¢(E1ﬁ |r:rh1 _Ela |r:rh0 ) -

d
I COS¢(_ Ela |r:rh1 - Elﬁ |r:rh0 )

0 = ~tan 3 I
_COS‘?(EI/J’ |r:rh1 _Ela |r:rh0 ) +

. d
Sln¢(_ Ela |r:rh1 - Elﬁ |r:rh0 )

If ¢ is set to one of 0 degrees, 90 degrees, 180 degrees, and
270 degrees, the magnetic pole position 6 of the electric
motor 3 can be estimated with a simpler operation. In other
words, Equation (12) can be expressed as Equation (13)
below when ¢=0 degrees, and as Equation (14) when $=90
degrees. Equation (12) can be expressed as Equation (15)
when ¢=180 degrees, and as Equation (16) when ¢=270
degrees.
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Equation 10
d (13)
. 1 71 Ela |r:rh1 +E1ﬁ |r:rh0
B R d
- Elﬁ |r:rh1 +Ela |r:rh0
d d 14
. 1tan’1 _Elﬁ |r:rh1 +E‘Hlﬁ |r:rh0
2 d
—Ela |r:rh1 - Elﬁ |r:rh0
d, | d, | (15)
1 gt =y A8 =y,
| gL M de T TR
0 = -tan 7
Elﬁ |r:rh1 _Ela |r:rh0
d d (16)
P . 1 Elﬁl’:’hl _Ela |r:rh0
= —tan - - -

d

dl‘la |’:’h1 + Elﬁ |r:rh0

Therefore, by superimposing the voltage vector V,, of
which ¢ is one of 0 degrees, 90 degrees, 180 degrees, and 270
degrees and then superimposing the voltage vector V,,, the
magnetic pole position 6 of the electric motor 3 can be esti-
mated with a simpler operation.

Although explained above is an example in which the
voltage vector V,,; of which phase is shifted by ¢+90 degrees
in the positive direction of the o axis is superposed at the time
t,,,, the voltage vector V,,; of which phase is shifted by $-90
degrees in the positive direction of the a axis may be super-
posed at the time t,; to allow the magnetic pole position 0 of
the electric motor 3 to be estimated with a simpler operation.

In the manner described above, the voltage vector V,,, of
one of the phases ¢ of 0 degrees, 90 degrees, 180 degrees, and
270 degrees is superposed at the time t,,,, and the voltage
vector V,,; at a phase of $+90 degrees or ¢—90 degrees is
superposed at the time t,,;. The change in the currents in the
respective phases from the time t,, to the time t,, is then
detected, and the operations indicated in Equations (13) to
(16), for example, are performed, to allow the magnetic pole
position 0 of the electric motor 3 to be estimated more easily.

The superposed component generator 36, therefore, gen-
erates a pilot voltage V,, of which cycle is T=4T,, as indicated
in Equation (17), and superposes the pilot voltage V, on a
driving voltage reference that is defined by the a-axis refer-
ence component V_* and the p-axis reference component
V,*. T, is the update cycle of the driving signal generator 39
performing the space vector modulation.

Equation 11

}:

[V 07,

[ Von 17

Vin

nT<t=T/4+nT (Time Period A)
[0 Vit ', T/4+nT<i=<T/2+nT
[~Viyr 0

[0 ~Viu V', 3T/4+nT<t<@m+D)T

(Time Period B)
, T/2+nT <1=<3T/4+nT (Time Period C)
(Time Period D)

By setting the a-axis reference component V_, and the
[-axis reference component Vg, of the pilot voltage V,, output
from the superposed component generator 36 as expressed in
Equation (17), a pilot voltage V,, in directions cancelling out
each other in the « axis and the §§ axis can be output, as
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illustrated in FIG. 4. FIG. 4 is a schematic of a change of the
pilot voltage V,, in the cycle T. In this manner, the voltage in
the cycle T can be averaged to zero, so that the torque ripple
can be reduced.

A configuration and an operation of the superposed com-
ponent generator 36 will be explained more specifically with
reference to FIGS. 5 and 6. FIG. 5 is a schematic illustrating
a change in V,;, and V,, that are a--axis and p-axis compo-
nents of the pilot voltage V,, output from the superposed
component generator 36. FIG. 6 is a flowchart illustrating a
pilot voltage generating process performed by the superposed
component generator 36.

As illustrated in FIG. 5, the superposed component gen-
erator 36 generates the a-axis reference component V_, and
the 3-axis reference component V,, that are the a-axis com-
ponent and the f-axis component of the pilot voltage V,,
based on the count CNT of the counter 35 that sequentially
outputs zero, one, two, and three as the count CNT.

Specifically, as illustrated in FIG. 6, the superposed com-
ponent generator 36 determines the count CNT of the counter
35 (Step S10). If the count CNT=0, the superposed compo-
nent generator 36 generates a pilot voltage V,, of which com-
ponents are V,,=+V_ , and V,=0, and outputs these com-
ponents to the adders 37 and 38, respectively (Step S11). If the
count CNT=1, the superposed component generator 36 gen-
erates a pilot voltage V), in which V,,=0 and V,=+V,, ., and
outputs these components to the adder 37 and to the adder 38,
respectively (Step S12).

If the count CNT=2, the superposed component generator
36 generates a pilot voltage V,, of which components are
Vo=V, and Vi, =0, and outputs these components to the
adder 37 and to the adder 38, respectively (Step S13). If the
count CNT=3, the superposed component generator 36 gen-
erates a pilot voltage V,, of which components are V_,=0 and
Va,==V,,;1- and outputs these components to the adder 37
and to the adder 38, respectively (Step S14).

In this manner, the superposed component generator 36
generates, at every cycle T, a pilot voltage V,, that is in a
direction 90 degrees with respect to the pilot voltage V,
previously generated in the aff axis coordinate system. The
superposed component generator 36 may also generate, at
every cycle T,, a pilot voltage V, that is in a direction -90
degrees with respect to the pilot voltage V,, previously gen-
erated in the a3 axis coordinate system.

The magnetic pole position estimator 40 estimates the
magnetic pole position 0 at the time t=nT (n=1, 2, 3, ... ) the
magnetic pole position 0 at the time t=T1/4+nT, the magnetic
pole position 0 at the time t=T/2+nT, and the magnetic pole
position 0 at the time t=3T/4+nT. The magnetic pole position
estimator 40 determines the count CNT after a predetermined
time period elapses from when the count CNT of the counter
35 has changed so that the current corresponding to the pilot
voltage V,, generated by the superposed component generator
36 can be detected.

FIG. 7 is a schematic of a configuration of the magnetic
pole position estimator 40. As illustrated in FIG. 7, the mag-
netic pole position estimator 40 includes difference calcula-
tors 50 and 51 (an example of a current difference calculator),
a one sample delaying units 52 and 53, and a 0 calculator 54
(an example of magnetic pole position calculator), and oper-
ates with a sampling cycle of T/4.

The difference calculator 50 acquires an ci.-axis component
detected current I, from the three-to-two-phase coordinate
converter 31, and calculates and outputs a difference Al
between the detected current I, and another detected current
1, acquired in a previous sampling time (=1/4). The differ-
ence calculator 51 also acquires a §-axis component detected
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current [ from the three-to-two-phase coordinate converter
31, and calculates and outputs a difference Al between the
detected current I, and another detected current I acquired in
a previous sampling time.

The one sample delaying unit 52 delays the difference Al
received from the difference calculator 50 by one sampling
time, and outputs the difference to the 0 calculator 54. The
one sample delaying unit 53 delays the difference Al
received from the difference calculator 51 by one sampling
time, and outputs the difference to the 6 calculator 54.

The 6 calculator 54 estimates the magnetic pole position 0
based on the difference Al, and the difference Al output from
the difference calculator 50 and the difference calculator 51,
respectively, and the difference Al, and the difference Al
belonging to the previous sampling time output from the one
sample delaying unit 52 and the one sample delaying unit 53,
respectively.

FIG. 8 is a flowchart illustrating a magnetic pole position
estimating process performed by the magnetic pole position
estimator 40. Hereunder, Al;,,=1,;5~1o515 Algo=lps=Tpn1
Al =L ~Lanos and Algy, =g, ~Igso-

As illustrated in FIG. 8, the magnetic pole position estima-
tor 40 determines the count CNT of the counter 35 (Step S20).

If the count CNT=0, the magnetic pole position estimator
40 calculates the magnetic pole position 0 based on following
Equation (18) (Step S21). In Equation (18), the first-order
derivatives of the current in Equation (13) are approximated
with the current differences.

Equation 12

1 71(—Alah2—A1ﬁh1] (18)

0= —tan | ———
2 Alﬁhz —Algn

In Equation (18), the detected currents 1., 1, and [,
represent the a-axis components of the detected currents at
the time t=nT, -T/4+nT, and -T/2+4nT, respectively. The
detected current Ig,,,, and Ig,,, represent the -axis compo-
nents of the detected currents at the time t=nT, —T/4+nT, and
=T/2+nT, respectively.

If the count CNT=1, the magnetic pole position estimator
40 calculates the magnetic pole position 0 based on following
Equation (19) (Step S22). In Equation (19), the first-order
derivatives of the current in Equation (14) are approximated
with the current differences.

Equation 13

1 71(A1ﬁh2 — Al ] (19)

f=tan | —
2 Al — Algy

If the count CNT=0, the detected currents I_,,,, 1,,,, and
140 represent the a-axis components of the detected currents
at the time t=T/44nT, nT, and -T/4+nT, respectively. The
detected currents Iy, 1,1, and I, represent the f-axis com-
ponents of the detected currents at the time t=T/4+nT, nT, and
=T/4+nT, respectively.

If the count CNT=2, the magnetic pole position estimator
40 calculates the magnetic pole position 0 based on following
Equation (20) (Step S23). In Equation (20), the first-order
derivatives of the current in Equation (15) are approximated
with the current differences.
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Equation 14

0 1 tan’l( (20)

Algpp + Algyy ]
2

—Algy + Alopy

If the count CNT=2, the detected currents 1., I, and
I 0 represent the a-axis components of the detected currents
at the time t=T/2+nT, T/4+nT, and nT, respectively. The
detected current Iy, I35, and I, represent the 3-axis com-
ponents of the detected currents at the time t=1/2+nT, T/4+
nT, and nT, respectively.

If the count CN'T=3, the magnetic pole position estimator
40 calculates the magnetic pole position 6 based on following
Equation (21) (Step S24). In Equation (21), the first-order
derivatives of the current in Equation (16) are approximated
with the current differences.

Equation 15

1 71(—A1ﬁh2 +Alah1 ] (21)
tan

0= - -
2 —Alyp = Algyy

If the count CNT=3, the detected currents 1., I, and
T o represent the a-axis components of the detected currents
atthetime t=3T/4+nT, T/24nT, and T/4+nT, respectively. The
detected current Iy, Ig;,,, and 1,4 represent the §-axis com-
ponents of the detected currents at the time t=3T/4+nT, T/2+
nT, and T/4+nT, respectively.

As described above, the controlling apparatus 1 according
to the first embodiment includes the superposed component
generator 36 and the magnetic pole position estimator 40. The
superposed component generator 36 generates a pilot voltage
V,, as a vector in a direction in parallel with the o axis or the
[ axis ofthe o axis coordinate system, and generates another
pilot voltage V,, of which vector direction is shifted by 90
degrees from the pilot voltage V, previously generated, at a
predetermined cycle.

The pilot voltage V,, generated in the superposed compo-
nent generator 36 is superposed on the driving voltage refer-
ence as a superposed voltage reference, and input to the
inverter 10. The inverter 10 then outputs a driving voltage to
the electric motor 3 based on the driving voltage reference
superposed with the superposed voltage reference. The mag-
netic pole position estimator 40 detects the currents flowing
into the respective phases of the electric motor 3 at a prede-
termined cycle, and estimates the magnetic pole position 6 of
the electric motor 3 based on the change in the currents in the
respective phases.

In the manner described above, the controlling apparatus 1
can generate a desired pilot voltage V, at a predetermined
cycle, and can estimate the magnetic pole position 0 based on
the change in the currents in the respective phases of the
electric motor 3.

The controlling apparatus 1 according to the first embodi-
ment can therefore easily estimate the magnetic pole position
0 without affecting the cycle at which the driving voltage
reference for driving the electric motor 3 is updated. Further-
more, the magnetic pole position 6 of the electric motor 3 can
be estimated in three fourth of the cycle T from when the pilot
voltage V, is started being superposed, and the estimation of
the magnetic pole position 6 of the electric motor 3 can be
repeated once in every one fourth of the cycle T. Thus, the
responsiveness of the magnetic pole position estimation can
be improved.
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Although the driving signal generator 39 uses the space
vector modulation to generate the driving signals S1 to S6 for
driving the inverter 10 in the example explained above, the
driving signal generator 39 may use carrier comparison
modulation (modulation for PWM) to generate the driving
signals S1 to S6.

In such a case, the count CNT is specified with a cycle T of
twice the length of the carrier cycle T, and the counter 35
updates the count CNT based on four intervals in the cycle T.
The counter 35 updates the count CNT at the timing of the
peaks and the valleys of the carrier, as illustrated in FIG. 9.
FIG. 9 is a schematic of a relation between the pilot voltage V,,
(the a-axis reference component V;, and the -axis reference
component V) and the carrier in an example in which the
driving signal generator 39 generates the driving signals S1 to
S6 using the carrier comparison modulation.

The superposed component generator 36 generates a pilot
voltage V,, that is to be superposed on the a-axis reference
component V,* and the B-axis reference component Vg*,
using the cycle T=2T, as four intervals, based on the count
CNT from the counter 35. Because the count CNT is changed
at the peaks and the valleys of the carrier, the a-axis reference
component V., and the 3-axis reference component V,,, of
the pilot voltage V,, are modified at the peaks and the valleys
of the carrier, following the flowchart illustrated in FIG. 5.

The driving signal generator 39 calculates output voltage
references V,*, V*, and V. * based on the a-axis reference
component V_,* and the f}-axis reference component V,  *
received from the adder 37 and the adder 38, respectively. The
driving signal generator 39 then compares the output voltage
references V. *, V *, and V ,.* with the carrier in the cycle T,
and generates the driving signals S1 to S6 that is a PWM
signal, and output the signals to the inverter 10.

The magnetic pole position estimator 40 estimates the
magnetic pole position 6 of the electric motor 3 at each time
of t=nT, T/4+nT, T/24nT, and 3T/4+nT based on the count
CNT received from the counter 35, following the flowchart
illustrated in FIG. 8.

In this manner, the magnetic pole position 6 of the electric
motor 3 can be easily estimated, also when the driving signal
generator 39 uses the carrier comparison modulation to gen-
erate the driving signals S1 to S6, in the same manner as when
the space vector modulation is used to generate the driving
signals S1 to S6.

In the examples described above, when the space vector
modulation is used, the cycle T is set to 4T, and when the
carrier comparison modulation is used, the cycle T is set to
2T.. However, the length of the cycle T is not limited thereto.
For example, a cycle T=4mT , (where, m is an integer equal to
or more than two) may be used for the space vector modula-
tion, and a cycle T=2mT, (where, m is an integer equal to or
more than two) may be used for the carrier comparison modu-
lation.

Furthermore, in the example explained above, the super-
posed component generator 36 generates a pilot voltage V,, of
which phase is shifted in the positive direction by 90 degrees
at a predetermined cycle, but the way in which the pilot
voltage V,, is generated by the superposed component gen-
erator 36 is not limited thereto. For example, the superposed
component generator 36 may also generate, at a predeter-
mined cycle, a pilot voltage V,, of which vector direction has
a phase difference of 90 degrees in the negative direction in
the aff axis coordinate system. This configuration too can
reduce the torque ripple, and can estimate the magnetic pole
position 8 of the electric motor 3 with a simpler operation.

Furthermore, the superposed component generator 36 may
reverse the direction of the pilot voltage V,, having a phase
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difference of 90 degrees from the positive direction to the
negative direction, and vice versa, at a cycle mT (m is a
natural number). This configuration too can reduce the torque
ripple.

The superposed component generator 36 may generate a
pilot voltage V,, of which phase difference is alternated in the
positive and the negative directions. In such a case, while the
effect of torque ripple reduction is limited, the magnetic pole
position estimator 40 can estimate the magnetic pole position
0 based on the operations described above, so that the mag-
netic pole position 6 can be easily estimated.

Furthermore, when the rotational speed of the electric
motor 3 is low or moderate, the controlling apparatus 1
according to the first embodiment can ignore the induced
voltage in the electric motor 3, so that Equation (7) approxi-
mating Equation (6) is used in the example above. When the
rotational speed of the electric motor 3 is high, the magnetic
pole position estimator 40 can estimate the magnetic pole
position 6 in the same manner, by providing a filter for remov-
ing the induced voltage component in the electric motor 3.

Furthermore, although the count CNT is output from the
counter 35 to the superposed component generator 36 and to
the magnetic pole position estimator 40 in the example
explained above, each of the superposed component genera-
tor 36 and the magnetic pole position estimator 40 may be
provided with a counter generating the count CNT.

Furthermore, although a configuration of a two-level
inverter (FIG. 1) is provided as an example of the inverter 10
in the example explained above, a multi-level inverter such as
a three-level inverter or a matrix inverter may also be used as
the inverter 10, and other various modifications are still pos-
sible.

Second Embodiment

A controlling apparatus according to a second embodiment
will now be explained. The controlling apparatus according to
the second embodiment is different from the controlling
apparatus 1 according to the first embodiment in that the
superposed component generator generates the pilot voltage
V,, and the magnetic pole position estimator estimates the
magnetic pole position 0 in a different manner.

FIG. 10 is a schematic of a configuration of the controlling
apparatus according to the second embodiment. In this con-
troller 30A illustrated in FIG. 10, only the elements that are
different from those in the controlling apparatus 1 according
to the first embodiment are illustrated, and the other elements
are omitted to avoid redundant explanations. The elements
that are the same as those in the first embodiment are assigned
with the same reference signs, and redundant explanations
thereof are omitted as appropriate.

As illustrated in FIG. 10, the controlling apparatus 1A
according to the second embodiment includes the three-to-
two-phase coordinate converter 31, the rotational coordinate
converter 32, the current reference output unit 33, the current
controlling unit 34, the counter 35, a superposed component
generator 36 A, the adders 37 and 38, the driving signal gen-
erator 39, and a magnetic pole position estimator 40A. The
controlling apparatus 1A has the same configuration as that of
the controlling apparatus 1 according to the first embodiment
except for the superposed component generator 36 A and the
magnetic pole position estimator 40A.

As described earlier, in the salient electric motor 3, the
current-voltage equation in the auff axis coordinate system set
to the stator 3a in the electric motor 3 can be expressed as
Equation (3) above. When the time between the two voltage
vectors to be superposed is sufficiently shorter than the cycle
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of'the driving voltage, the current-voltage equation indicated
as Equation (3) with the component of the driving voltage
frequency removed can be approximated as following Equa-
tion (22). Equation (22) is the same as Equation (8) above.

Equation 16

22

d[la} 1 [L—ZCOSZO

—ksin20 [ Va
di|lg| P-B| —kin28

L+Icos20 || Vg

Equation (23) below can be given by taking time derivative
of Equation (22) above.

Equation 17
d[Va L+ lcos20
dr|vg |~

& [lo d [ —w,sind (23)
[sin26 [ }

i + K —
di| Ig “dr

Isin26 }

L - lcos20 w,cosf

If the rotational acceleration of the electric motor 3 is
sufficiently smaller than the first term in the right-hand side of
Equation (23), Equation (23) can be approximated as follow-
ing Equation (24).

Equation 18

d[ Ve L+ lcos20
dr|vg |~

Isin26

lsin20 7 d? [ I (24)
L —lcos26 } ar Ig

Equation (24) can be rewritten for the current as Equation
25).

Equation 19

@5

42 [la} 1 [L—ZCOSZO

—lsin20 1 d [ Ve
ae 22| —ksin2e

Ig L+lcos20 | dt Vs

Now consider how the pilot voltage V,, is to be included in
the driving voltage that is based on the g-axis voltage refer-
enceV * and the d-axis voltage reference V /* that are driving
voltage references, as an output voltage from the inverter 10.
For example, as illustrated in FIG. 11, the voltage vectors V.,
V,1,andV,, inthe aff axis coordinate system are superposed,
in the order listed herein, at a predetermined cycle. FIG. 11 is
a schematic of an example of a relation between the voltage
vectors Vo, Vi1, Vs and ¢ in the off axis coordinate system.

The voltage vector V,, is a vector of which phase differ-
ence is ¢ degrees in the positive direction of the a axis. The
voltage vector V,, is a vector of which phase difference is
¢+90 degrees in the positive direction of the o axis. The
voltage vector V,,, is a vector of which phase difference is
¢+180 degrees in the positive direction of the o axis. The
voltage vectors V,, V,,;, and V,, are vectors with an ampli-
tudeV, , (>0).

The difference vector AV, (=V,,—V,,,) between the volt-
age vector V,, and the voltage vector V,,, is expressed as
following Equation (26), and difference vector AV,,, (=V,,,-
V,,») between the voltage vector V,,; and the voltage vector
V,,» 1s expressed as following Equation (27).
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Equation 20

—Vigasin(p + f) @6

AV =VT 2
\/;njzcos(qﬁ + 4_1)
Fd
—Vigncos(p + Z) @n
AV = V2 x

- ;njzsin(¢ + Z)

Here, the time at which the voltage vector V,, is super-
posed is time t,,,, the time at which the voltage vector V,, is
superposed is time t,;=t,,+At, and the time at which the
voltage vector V,, is superposed is t,,=t, ,+2At. The vectors
of the voltage derivatives are approximated with difference
vectors. In this case, based on the difference vectors indicated
in Equations (26) and (27), the current-voltage equations at
the time t;,, and the time t,,, can be expressed as Equation (28)
and Equation (29), respectively.

Equation 21
& [la ligyy } 28)
ar 1,8 |r:rh1 B
leos20)sin(p + ) - Isin20 z
ﬁvinjz —(L —lcos )sm(¢ + 4_1) —Isi -cos(¢ + Z)
(L2 - P)Ar| .. . 7r 7r
Isin26 - sm(¢ + Z) +(L+ lcosZO)cos(¢ + Z)
d4* [ lo |r:rh2 } (29)
dr Iﬁ |r:rh2 -

ﬁvinjz —(L- lcosZO)cos(¢ + %) + [sin26 - sin(¢ + %)

(L2 - P)Ar| . n . 7
Isin26 - cos(¢ + Z) - (L+ 100520)51n(¢ + Z)

The relation in following Equation (30) can be given based
on Equations (28) and (29).

Equation 22

(B0

Dlcos{g+5) ~2sinf + 7 [ §in20 }

. z z cos28
lem(¢ + Z) Zlcos(¢ + Z)

2 2
122 wlﬁ |r:rh2 _wla |r:rh1
Vi | @ 42

Wla |’:’h2 +WI,B |r:rh1

Equation (30) above can be rewritten for the magnetic pole
position 0 of the electric motor 3 as Equation (31). Therefore,
by detecting a change in the currents in the respective phases
atthetimet,, and the timet,,, the magnetic pole position 6 of
the electric motor 3 can be estimated.
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Equation 23
nf & d BD
cos(p + 4_1) 7 18l g lalizy, |+
) n & d
sm(¢ + Z) Wla |,:,h2 + Wlﬁ |,:,h1
9= —tan!

2 2

d
an 1,8 | [r:rhz - wla |r:rh1 ] +

. d? dz
COS(¢ + Z)(Wla |r:rh2 +W1ﬁ |r:rh1]

When ¢ is set to one of 45 degrees, 135 degrees, 225
degrees, and 315 degrees, the magnetic pole position 6 of the
electric motor 3 can be estimated with a simpler operation, in
the manner described below. In other words, Equation (31)
can be expressed as Equation (32) below when ¢=45 degrees,
as Equation (33) below when ¢=135 degrees, as Equation
(34) below when ¢=225 degrees, and as Equation (35) below
when ¢=315 degrees.

Equation 24
& & 23)
o= 71 wla |r:rh2 + wlﬁ |r:rh1
5tan a2 a2
_Wlﬁ |r:rh2 + WI,B |r:rh1
a? a? 24
o Lot _Wlﬁ |r:rh2 +Wla |r:rh1
B dz? dz?
_wla |r:rh2 - WI,B |r:rh1
& & 25
. _tan’l _wla |r:rh2 - WI,B |r:rh1
dz dz
Wlﬁ |r:rh2 _Wla |r:rh1
& & 26)
——=lgl=y, — 57 1a li=
. 4| a2 B li=typ a2 e ey
B

7 o Ly + gl b=ty

Therefore, the voltage vector V,,, of which ¢ is one of 45
degrees, 135 degrees, 225 degrees, and 315 degrees is super-
posed, and the voltage vector V,,, of which phase is shifted by
90 degrees with respect to the voltage vector V,, is then
superposed after a specified time period has elapsed. When
another specified time period has elapsed, the voltage vector
V,,» of which phase is shifted by 90 degrees with respect to the
voltage vector V,,, is superposed. In this manner, the magnetic
pole position 8 of the electric motor 3 can be estimated with
a simpler operation.

In the example explained above, the voltage vector V,, of
which phase difference is $+90 degrees in the positive direc-
tion of the o axis is superposed at the time t,,,, the voltage
vector V,,; of which phase difference is ¢+180 degrees in the
positive direction of the o axis is superposed at the time t,,,,
but without limitation. For example, a voltage vector V,,; of
which phase is shifted by ¢-90 degrees in the positive direc-
tion of the o axis may be superposed at the time t,;, and a
voltage vector V,,; of which phase is shifted by ¢—180 degrees
in the positive direction of the o axis may be superposed at the
time t,,,. In this manner, the magnetic pole position 6 of the
electric motor 3 can be estimated with a simpler operation.

In the manner described above, the voltage vector V,,, of
which ¢ is one of 0 degrees, 90 degrees, 180 degrees, and 270
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degrees is superposed at the time t,,, and the voltage vector
V,, at $+90 degrees (or $—90 degrees) is then superposed at
the time t,,. The voltage vector V,, at ¢+180 degrees (or
¢—180 degrees) is then superposed at the time t,,. A second-
order difference is then detected from a change in the currents
in the respective phases from the time t,,, to the time t,,;, and
from a change in the currents in the respective phases from the
time t,, to the time t,,. In this manner, the magnetic pole
position 6 ofthe electric motor 3 can be estimated with simple
operations, such as Equations (32) to (35) above.

The superposed component generator 36 A, therefore, gen-
erates a pilot voltage V,, of which cycle is T=4T, as indicated
in Equation (36), and superposes the pilot voltage V, on
driving voltage references that are defined by the a-axis ref-
erence component V_* and the f-axis reference component
V*, respectively. T is the update cycle of the driving signal
generator 39 performing the space vector modulation.

Equation 25
[ Von } (36)
Ve |~
[Vigz Vi I nT<t<T/4+nT (Time Period E)
[=Vijz Vip 1", T/4+nT<t=T/2+nT (Time Period F)
[=Vijz V21", T/2+nT <t<3T/4+nT (Time Period G)

[Viiz =Vi2 1", 3T/4+nT<1<(m+1T (Time Period H)

By causing the superposed component generator 36A to
output the pilot voltage V,, as expressed in Equation (36), a
pilot voltage V, in directions cancelling out each other in the
a axis and the f§ axis can be output, as illustrated in FIG. 12.
FIG. 12 is a schematic of a change of the pilot voltage V,, in
the cycle T. In this manner, the voltage in the cycle T can be
averaged to zero, so that the torque ripple can be reduced.

A configuration and an operation of the superposed com-
ponent generator 36 A will now be explained more specifi-
cally with reference to FIGS. 13 and 14. FIG. 13 is a sche-
matic illustrating a change in 'V, and V,, that are the a-axis
and the p-axis components of the pilot voltage V,, output from
the superposed component generator 36 A. FIG. 14 is a flow-
chart illustrating a pilot voltage generating process performed
by the superposed component generator 36A.

As illustrated in FIG. 13, the superposed component gen-
erator 36 A generates an c.-axis reference component vV, and
a -axis reference component Vg, that are the o.-axis compo-
nent and the $-axis component of the pilot voltage V,,, based
on the count CNT of the counter 35 that sequentially outputs
zero, one, two, three as the count CNT.

Specifically, as illustrated in FIG. 14, the superposed com-
ponent generator 36A determines the count CNT of the
counter 35 (Step S30). If the count CNT=0, the superposed
component generator 36A generates a pilot voltage V, of
whichV,=+V,, , and V,=+V,, », and outputs these compo-
nents to the adder 37 and to the adder 38, respectively (Step
S31). If the count CNT=1, the superposed component gen-
erator 36A generates a pilot voltage V,, of which V==V, .,
and Vg, =+V, >, and outputs these components to the adder
37 and to the adder 38, respectively (Step S32).

If the count CNT=2, the superposed component generator
36A generates a pilot voltage V,, of which V,,=-V, ., and
Ve==V,0, and outputs these components to the adder 37
and to the adder 38, respectively (Step S33). If the count
CNT=3, the superposed component generator 36 A generates

10

15

20

25

30

35

40

45

50

55

60

65

18
a pilot voltage V,, of which V,,=+V,,, and Vj5,=-V,, ., and
outputs these components to the adder 37 and to the adder 38,
respectively (Step S34).

In this manner, the superposed component generator 36
repeatedly generates a pilot voltage V,, of which phase differ-
ence with respect to the pilot voltage V, previously generated
is in a direction of 90 degrees in the a.f} axis coordinate system
at the cycle T,. The superposed component generator 36 A
may also repeatedly generate a pilot voltage V,, of which
phase difference with respect to the pilot voltage V, previ-
ously generated is in a direction of =90 degrees in the a3 axis
coordinate system, at the cycle T,.

The magnetic pole position estimator 40A estimates the
magnetic pole position 6 at the time t=nT (n=1, 2, 3, . .. ), the
magnetic pole position 0 at the time t=T/4+nT, the magnetic
pole position 0 at the time t=T1/2+nT, and the magnetic pole
position 0 at the time t=3T/4+nT.

FIG. 15 is a schematic of a configuration of the magnetic
pole position estimator 40A. As illustrated in FIG. 15, the
magnetic pole position estimator 40A includes difference
calculators 60 to 63 (an example of a current difference cal-
culator), one sample delaying units 64 and 65, and a 6 calcu-
lator 66 (an example of a magnetic pole position calculator),
and operates with a sampling cycle of T/4.

The difference calculator 60 acquires an c.-axis component
detected current I, from the three-to-two-phase coordinate
converter 31, and calculates and outputs a difference Al
between the detected current I, and another detected current
1, acquired at the previous sampling time (=1/4). The difter-
ence calculator 61 acquires the n-axis component detected
current [ from the three-to-two-phase coordinate converter
31, and calculates and outputs a difference Al between the
detected current I and the detected current I, acquired at the
time T/4 before.

The difference calculator 62 acquires the difference Al
from the difference calculator 60, and calculates and outputs
the second-order difference A%, between the difference AI,
and the difference Al acquired at the previous sampling time.
The difference calculator 63 acquires the difference Al from
the difference calculator 61, and calculates and outputs the
second-order difference Ale between the difference Al and
the difference Al acquired at the previous sampling time.

The one sample delaying unit 64 delays the second-order
difference A1, received from the difference calculator 62 by
one sampling time, and outputs the second-order difference to
the 6 calculator 66. The one sample delaying unit 65 delays
the second-order difference AZIB received from the difference
calculator 63 by one sampling time, and outputs the second-
order difference to the 0 calculator 66.

The 6 calculator 66 estimates the magnetic pole position 0
based on the second-order differences A%, and A21|3 output
from the difference calculators 62 and 63, respectively, and
the second-order differences A*I, and Ale belonging to the
previous sampling time output from the one sample delaying
units 64 and 65, respectively.

FIG. 16 is a flowchart illustrating a magnetic pole position
estimating process performed by the magnetic pole position
estimator 40A. Hereunder, A%, =Al,~AT,,
A=Al —Algy ATy =N =AL 0, and
AZIBMZAIBM—AIMO. Furthermore,
Al Tpr~Tgn1s Al g e =L o
Al o Lano=Lonr» and Alg,o=les0=lg ;.

As illustrated in FIG. 16, the magnetic pole position esti-
mator 40A determines the count CNT of the counter 35 (Step
S40).

If the count CNT=0, the magnetic pole position estimator
40A estimates the magnetic pole position 6 of the electric

Al osa—Tans
AIBhIZIBhO_IBhOS
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motor 3 based on following Equation (37) (Step S41). In
Equation (37), the second-order derivatives of the current in
Equation (32) are approximated with the current differences.

Equation 26

@D

. lt ,I(Azlﬁhz - Az[ahl]

2 an Azlahz +A21ﬁh1

If the count CNT=0, the detected currents I 5, 1515 losos
and I, ; represent the a-axis components of the detected
currents at the time t=nT, =T/4+4nT, -T/2+nT, and -3T/4+nT,
respectively. The detected currents Igy,., Igs1» Ipso, and Ig,,
represent the [-axis components of the detected currents at
the time t=nT, -T/4+nT, -T/2+nT, and -3T/4+nT, respec-
tively.

If the count CN'T=1, the magnetic pole position estimator
40A estimates the magnetic pole position 6 of the electric
motor 3 based on following Equation (38) (Step S42). In
Equation (38), the second-order derivatives of the current in
Equation (33) are approximated with the current differences.

Equation 27

1 (38)

0= —tan’l(

Ao + AL gy ]
2

—A2g + Aoy

If the count CNT=1, the detected currents I 5, 1115 losos
and I, , represent the c-axis components of the detected
currents at the time t=T1/4+nT, nT, -T/4+nT, and -T/2+nT,
respectively. The detected currents g5, Lpsys Lpso. and Igy,
represent the [-axis components of the detected currents at
the time t=T/4+nT, nT, —-T/4+4nT, and -T/2+nT, respectively.

If the count CNT=2, the magnetic pole position estimator
40A estimates the magnetic pole position 6 of the electric
motor 3 based on following Equation (39) (Step S43). In
Equation (39), the second-order derivatives of the current in
Equation (34) are approximated with the current differences.

Equation 28

1 39

0= —tan’l(

~A gy + ALy ]
2

—A2 o — A% gy

If the count CNT=2, the detected currents I 5, 1115 losos
and I, ; represent the a-axis components of the detected
currents at the time t=T1/24nT, T/4+nT, nT, and -T/4+nT,
respectively. The detected currents Igy,., Igs1» Ipso, and Ig,,
represent the [-axis components of the detected currents at
the time t=T/2+nT, T/44nT, nT, and -T/4+nT, respectively.

If the count CN'T=3, the magnetic pole position estimator
40A estimates the magnetic pole position 6 of the electric
motor 3 based on following Equation (40) (Step S44). In
Equation (40), the second-order derivatives of the current in
Equation (35) are approximated with the current differences.
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Equation 29
1 (~Aop — APy 40)
f=tan | — 5"
2 Allgy — Alloy

If the count CNT=3, detected currents I_,,, I ;. I ;0. and
1.1 represent the a-axis components of the detected currents
at the time t=3T/4+nT, T/2+nT, T/4+nT, and nT respectively.
The detected current Iy, Igs;, Ips0 and Iy, represent the
[p-axis components of the detected currents at the time t=3T/
4+nT, T/2+4nT, T/4+nT, and nT, respectively.

At Steps S41 to S44, the magnetic pole position estimator
40A estimates the magnetic pole position 6 of the electric
motor 3 by performing the operations of Equations (37) to
(40) by setting the differences A*I, and AZII3 output from the
difference calculators 62 and 63, respectively, to AziBh ; and
AziBh 1, respectively, and setting the differences Al , and Ale
belonging to a previous sampling time output from the one
sample delaying units 64 and 65, respectively, to A%, ;,, and
Aziﬁhz, respectively.

In the manner described above, the controlling apparatus
1A according to the second embodiment includes the super-
posed component generator 36 A and the magnetic pole posi-
tion estimator 40A. The superposed component generator
36A generates a pilot voltage V,, as a vector with a phase
shifted by 45 degrees with respect to the o axis or the § axis
of the aff axis coordinate system, and generates a pilot volt-
age V,, of which vector direction is shifted by 90 degrees with
respect to the pilot voltage V,, previously generated, at a
predetermined cycle.

The magnetic pole position estimator 40A can therefore
estimate the magnetic pole position 6 with an simple opera-
tion, without affecting the cycle at which the driving voltage
reference for driving the electric motor 3 is updated. Further-
more, the magnetic pole position 6 of the electric motor 3 can
be estimated at the cycle T from when the pilot voltage V/, is
started being superposed, and the estimation of the magnetic
pole position 6 of the electric motor 3 can be repeated every
one fourth of the cycle T. The responsiveness of the magnetic
pole position estimation can therefore be improved.

Although the driving signal generator 39 uses the space
vector modulation to generate the driving signals S1 to S6 for
driving the inverter 10 in the example explained above, the
driving signal generator 39 may also use carrier comparison
modulation, in the same manner as explained in the first
embodiment. In such a case, the count CNT is specified with
a cycle T of twice the length of the carrier cycle T, and the
counter 35 updates the count CNT based on four intervals in
the cycle T. The counter 35 updates the count CNT at the
timing of the peaks and the valleys of the carrier.

The other modifications explained in the section of the first
embodiment are also applicable to the controlling apparatus
1A according to the second embodiment.

Those skilled in the art will be capable of easily finding
more advantageous effects and variations. A wider scope of
the present invention is not limited to the specifically detailed
and representative embodiments that are expressed and
described herein. Various modifications are therefore still
possible within the comprehensive spirit and scope of the
present invention that is defined by the appended claims and
the equivalent.

What is claimed is:
1. A controlling apparatus for an electric motor, the con-
trolling apparatus comprising:
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a superposed component generator configured to generate,
ata predetermined cycle, a superposed voltage reference
of which vector is shifted by 90 degrees with respect to
that of a superposed voltage reference previously gen-
erated, in a coordinate system that is set to a stator of the
electric motor;

an inverter configured to output a driving voltage that is
based on a driving voltage reference superposed with the
superposed voltage reference to the electric motor;

acurrent detector configured to detect currents flowing into
respective phases of the electric motor, and output the
detected currents; and

a magnetic pole position estimator configured to detect a
magnetic pole position of the electric motor based on an
amount of change in the detected currents at the prede-
termined cycle.

2. The controlling apparatus for the electric motor accord-
ing to claim 1, wherein the superposed component generator
repeatedly generates the superposed voltage reference so that
a vector of the superposed voltage reference is shifted by 90
degrees with respect to that of the superposed voltage refer-
ence previously generated in positive or negative directions in
the coordinate system.

3. The controlling apparatus for the electric motor accord-
ing to claim 2, wherein

two axes of the coordinate system represent orthogonal
coordinate axes of an a axis and a [} axis, and

an orientation of the vector of the superposed voltage ref-
erence is in parallel with the o axis or the § axis.

4. The controlling apparatus for the electric motor accord-

ing to claim 3, wherein

the current detector converts the currents flowing into the
respective phases of the electric motor into detected
currents in the coordinate system, and outputs the con-
verted detected currents, and

the magnetic pole position estimator comprises:

a current difference calculator configured to calculate
first-order differences of the detected currents output
from the current detector; and

a magnetic pole position calculator configured to calcu-
late a magnetic pole position of the electric motor
based on the first-order differences.

5. The controlling apparatus for the electric motor accord-
ing to claim 2, wherein

axes of the coordinate system represent orthogonal coor-
dinate axes of an o axis and a f} axis,

an orientation of the vector of the superposed voltage ref-
erence is phase-shifted by 45 degrees with respect to the
a axis or the f§ axis.

6. The controlling apparatus for the electric motor accord-

ing to claim 5, wherein

the current detector converts the currents flowing into the
respective phases of the electric motor into detected
currents in the coordinate system, and outputs the con-
verted detected currents, and

the magnetic pole position estimator comprises:

a current difference calculator configured to calculate
second-order differences of the detected currents out-
put from the current detector; and
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a magnetic pole position calculator configured to calcu-
late a magnetic pole position of the electric motor
based on the second-order differences.

7. The controlling apparatus for the electric motor accord-
5 ingto claim 1, further comprising:

a driving signal generator that generates, based on the
driving voltage reference superposed with the super-
posed voltage reference, a plurality of driving signals
that are different in a cycle, for each driving voltage
reference using space vector modulation, and outputs
the driving signals to the inverter, wherein

the predetermined cycle is n/2 times of the cycle of the
driving signal generator, wherein n is a natural number.

8. The controlling apparatus for the electric motor accord-
ing to claim 1, further comprising:

a driving signal generator that generates a driving signal
using carrier comparison modulation that is based on a
comparison between a driving voltage reference super-
posed with the superposed voltage reference and a car-
rier, and outputs the driving signal to the inverter,
wherein

the predetermined cycle is m times of a cycle of peaks and
valleys of the carrier, wherein m is a natural number.

9. The controlling apparatus for the electric motor accord-
ing to claim 1, wherein the electric motor is an interior per-
manent magnet synchronous motor.

10. A magnetic pole position estimating apparatus for an
electric motor, the magnetic pole position estimating appara-
tus comprising:

a superposed component generator configured to generate,
at a predetermined cycle, a superposed voltage reference
of which vector is shifted by 90 degrees with respect to
that of a superposed voltage reference previously gen-
erated, in a coordinate system that is set to a stator of the
electric motor;

a current detector configured to detect currents flowing into
respective phases of the electric motor that is driven
based on a driving voltage reference superposed with the
superposed voltage reference, and outputs the detected
currents; and

a magnetic pole position estimator configured to detect a
magnetic pole position of the electric motor based on an
amount of change in the detected currents at the prede-
termined cycle.

11. A magnetic pole position estimating method for an

45 electric motor, the magnetic pole position estimating method
comprising:

generating, at a predetermined cycle, a superposed voltage

reference of which vector is shifted by 90 degrees with

respect to that of a superposed voltage reference previ-
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stator of the electric motor;

detecting currents flowing into respective phases of the

electric motor that is driven based on a driving voltage

o reference superposed with the superposed voltage refer-

ence; and

detecting a magnetic pole position of the electric motor
based on an amount of change in the detected currents at
the predetermined cycle.
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